Protein glycosylation is a key post-translational modification that plays a fundamental role in regulating multiple cellular processes including cell adhesion, migration, cell-cell recognition and immune surveillance[@b1]. Glycosylation of newly synthesized peptides may be initiated in both the Endoplasmic reticulum (ER) and Golgi apparatus and is catalyzed by a series of specific glycosyltransferases that may display overlapping specificities depending on the transferase[@b1][@b2][@b3][@b4]. These enzymes typically transfer single sugar residues from nucleotide-sugar donors to protein and sugar acceptors, the latter resulting in glycan elongation forming a vast array of glycan structures[@b5]. The resulting glycans are typically characterized as *N*-linked or *O*-linked based on the amino acid residues (Asn or Ser/Thr) the glycans are attached to, which also corresponds to their origin of initiation in the ER or Golgi respectively[@b1].

Aberrant protein glycosylation is a hallmark of many human cancers including colorectal cancers (CRC)[@b6][@b7][@b8]. However, the molecular basis of aberrant glycosylation and the mechanisms by which it contributes to tumor progression remain largely unknown. We previously reported the first finding of somatic and germline inactivating mutations in the gene encoding for GALNT12, a key enzyme involved in the initiating step of mucin type *O*-glycosylation, in a subset of colon cancer cases[@b9]. Our initial findings strongly suggest that mutations in *O*-glycosylation pathway genes may in part underlie aberrant protein glycosylation commonly seen in colon and other cancers, and potentially contribute to the development of a subset of these malignancies. Since both protein *N*- and *O*-glycosylation are complex processes involving a multitude of enzymes, we initiated a study to characterize the extent and significance of genetic defects in the colon cancer glycome. By employing comprehensive genomic, biochemical, and functional approaches in a series of patient-derived colon cancer cell lines and matched primary tumors, we identified significant molecular and functional defects in 3 genes that likely control the biosynthesis (termination and elongation) of *N*- and Core 1--3 *O*-linked glycans expressed in the colon, thus uncovering mechanisms potentially contributing to aberrant glycosylation and colon tumor progression.

Results
=======

Catalog of somatic mutations in glycosylation pathway genes in colon cancer
---------------------------------------------------------------------------

We performed targeted re-sequencing of 430 glycosylation genes in a set of patient-derived microsatellite stable (MSS) CRC cell lines (N = 31) ([Supplementary Tables S1--S3](#S1){ref-type="supplementary-material"}) to determine the type and extent of glycosylation pathway defects in colon cancer, and to assess for the prevalence of bi-allelic defects in these glycosylation pathway genes. Following sequential filtering and confirmation in antecedent primary colon tumors (see Methods), we identified a total of 41 non-silent mutations mapping to 36 unique genes, with the majority of mutations being missense alterations ([Supplementary Table S4](#S1){ref-type="supplementary-material"}). Eighteen of the missense mutations were predicted to be deleterious in nature by SIFT and/or Polyphen algorithms[@b10][@b11]. Five mutations were highly likely deleterious in nature including, 3 nonsense mutations (*ALG13*, *B3GNT2* and *MAN2B2*), a splice site mutation (*ALG6*), and a frame shift deletion mutation (*ST8SIA3*) ([Supplementary Table S4](#S1){ref-type="supplementary-material"}). Colon cancers with mutant *B4GALT2*, *MGAT2*, or *ST8SIA3* showed genomic loss of respective wild-type alleles, while colon cancers with mutant *B3GALT1*, *GAL3ST1*, *GLT25D2*, or *PIGO* showed loss of transcript expression of respective wild-type alleles, providing evidence for bi-allelic defects in these genes in colon cancer ([Supplementary Table S4](#S1){ref-type="supplementary-material"}).

We next determined which among the 36 candidate genes are mutated at a significantly higher rate than the expected background rate in the CRCs under study. Using the statistical framework as previously described by our group[@b12][@b13], we identified 12 of the 36 genes to be significantly mutated in CRCs (P ≤ 0.01, FDR \< 0.05) ([Table 1](#t1){ref-type="table"}, [Supplementary Table S5](#S1){ref-type="supplementary-material"}). Interestingly, we observed three of these genes *B3GNT2*, *ST6GALNAC2*, and *B4GALT2* mapping to protein glycosylation pathways that are involved in the formation of polylactosamine chain extensions on *N*- and *O*-linked glycans (B3GNT2 and B4GALT2) and in the termination of *O*-glycan Core 1 and 3 structures (ST6GALNAC2) (see [Fig. 1](#f1){ref-type="fig"})[@b14][@b15][@b16]. Together, mutations in these three genes accounted for five CRC cases, with two missense and one nonsense mutation in *B3GNT2*, two missense mutations in *ST6GALNAC2*, and one missense mutation with a loss of the wild-type allele in *B4GALT2* ([Table 2](#t2){ref-type="table"}, [Supplementary Table S5](#S1){ref-type="supplementary-material"}). Furthermore, *in silico* prediction by SIFT and/or PolyPhen revealed four of the five missense mutations within these genes to significantly alter protein function ([Table 2](#t2){ref-type="table"}). Mutual exclusivity analysis showed that mutations affecting *B3GNT2*, *ST6GALNAC2*, *B4GALT2* individually, or any of the 36 candidate glycosylation genes as a group, as not being independent of known driver oncogenic mutations in *KRAS* or *BRAF* in colon cancer ([Supplementary Table 4, Supplementary Fig. 1](#S1){ref-type="supplementary-material"}), indicating that the glycosylation defects may play a complementary role to other mitogenic signaling pathways in the multi-step colon cancer progression model. Evaluation of independent large-scale cancer datasets[@b17][@b18] revealed recurrent somatic mutations in *B3GNT2*, *B4GALT2* and *ST6GALNAC2*, accounting for \~3% of CRC cases ([Supplementary Table S6](#S1){ref-type="supplementary-material"}). These findings suggest that genetic defects in glycosyltransferases involved in the biosynthesis of Core 1--3 *O*-glycans potentially contribute to the pathogenesis of molecular subsets of gastrointestinal cancers.

Biochemical characterization of wild-type and mutant glycosyltransferases
-------------------------------------------------------------------------

As suggested by our previous findings in GALNT12[@b9], mutations in glycosylation-associated genes could alter enzymatic activity of the encoded glycosyltransferase leading to aberrant glycosylation of protein substrates. We therefore proceeded to assess for differences in enzymatic activities of respective wild-type versus each of the mutant versions of B3GNT2, B4GALT2, and ST6GALNAC2 transferases identified in this study ([Table 2](#t2){ref-type="table"}), using *in vitro* derived substrates ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}).

B3GNT2 (β-1,3-N-Acetylglucosaminyltransferase 2) catalyzes the addition of β-3 N-acetylglucosamine onto a terminal β-4 linked galactose residue forming extended polylactosamine (polyLacNAc) chains composed of repeats of N-acetyllactosamine (β-Gal (1--4) β-GlcNAc(1--3))~n~[@b15]. PolyLacNAc chains may be found on *N*- and *O*-linked glycans, the latter potentially attached to Core 1, Core 2 and Core 3 base structures as shown in Fig. 1[@b14][@b16]. As mentioned above, we identified 3 mutations in *B3GNT2*: R6X, P186T, and D247H ([Table 2](#t2){ref-type="table"}). Given the putative deleterious nature of the R6X stop-gain mutation ([Fig. 2a](#f2){ref-type="fig"}), we first tested if this mutation leads to nonsense-mediated decay (NMD) of the transcript. RNA expression analysis of B3GNT2 in the corresponding mutant CRC cell line however showed retention of the mutant allele ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}), suggesting this mutation may not activate NMD but may rather encode a truncated version of the protein via utilization of an alternative downstream translation start site. Western blot analysis of ectopically expressed R6X B3GNT2 into COS7 cells indeed showed a truncated protein product, albeit expressed at a significantly lower level than wild-type B3GNT2 protein ([Fig. 2b](#f2){ref-type="fig"}). Mass spectrometry analysis further confirmed protein translation of R6X B3GNT2, but attempts to identify the start codon in the R6X mutant product were unsuccessful (data not shown). Nevertheless, given that the Golgi-targeting signal sequence is contained within the N-terminal B3GNT2 transmembrane motif ([Fig. 2a](#f2){ref-type="fig"}), we hypothesized that the truncated R6X protein product may be devoid of the signal sequence and therefore would not localize to Golgi. Immunofluorescence analyses of ectopically expressed wild-type and R6X B3GNT2 in COS7 cells in fact showed wild-type B3GNT2 as being exclusively localized to the Golgi, in contrast to the R6X mutant which showed aberrant and diffuse sub-cellular localization ([Fig. 2b](#f2){ref-type="fig"}). Taken together, these findings suggest that the miss-localized R6X B3GNT2 mutant may potentially lack access to endogenous substrates within the Golgi, or may aberrantly glycosylate unintended substrates within the cell.

The two missense B3GNT2 mutations (P186T and D247H) mapped to the catalytic domain of the B3GNT2 protein ([Table 2](#t2){ref-type="table"}, [Fig. 2a](#f2){ref-type="fig"}, [Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). We assessed the impact of these mutations on encoded enzymatic activities using two different substrates, Lactose-PNP (Lactose para-nitrophenol) and LacNAc-PNP (LacNAc para-nitrophenol)[@b15][@b19][@b20], selected based on the positive activity of wild-type B3GNT2 against each of these substrates ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). As shown in [Fig. 2c](#f2){ref-type="fig"}, biochemical analysis revealed that while activities of the wild-type and P186T B3GNT2 proteins were comparable, the D247H mutant exhibited no detectable enzymatic activity against either of these substrates (P ≤ 0.05). Taken in total, these findings suggest that R6X and D247H mutations may markedly impair B3GNT2 downstream function in the cell.

B4GALT2 (β-1,4-Galactosyltransferase 2)catalyzes the transfer of galactose to N-acetylglucosamine residues forming the β-Gal(1--4) β-(GlcNAc)-R moiety on *N*- and *O*-linked glycans likely including the polyLacNAc structure ([Fig. 1](#f1){ref-type="fig"})[@b21][@b22][@b23]. The missense mutation, A146V, maps to the transferase catalytic domain of the *B4GALT2* gene ([Fig. 3a](#f3){ref-type="fig"}). Interestingly, this mutation was accompanied by a genomic loss of the wild-type allele in the mutant CRC cell line ([Fig. 3b](#f3){ref-type="fig"}). We next examined the impact of A146V mutation on the encoded B4GALT2 enzyme activity using a glucopyranoside substrate[@b21], selected based on positive activity of wild-type B4GALT2 against this substrate ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). As shown in [Fig. 3c](#f3){ref-type="fig"}, biochemical analysis revealed robust enzyme activity of the wild-type protein, with the A146V exhibiting no detectable enzymatic activity (P ≤ 0.05).

Interestingly, we also consistently noted that the wild-type B4GALT2 but not the A146V mutant as exhibiting a differential migratory pattern on SDS-PAGE, suggesting a potential post-translational modification of the wild-type protein ([Fig. 3c](#f3){ref-type="fig"}). To test this, we ectopically expressed wild-type or A146V into the corresponding B4GALT2-mutant V957 CRC cell line, and performed Western blot analyses. Similar to our observations in COS7 cells ([Fig. 3c](#f3){ref-type="fig"}), wild-type B4GALT2 protein exhibited a differential migratory pattern than the A146V mutant in V957 ([Fig. 3d](#f3){ref-type="fig"}, lane 4 vs. 7 from left). Mass spectrometry analysis of respective protein bands in the wild-type and A146V mutant transfections confirmed their identity as B4GALT2 protein (data not shown), but was however unable to resolve the specific post-translation modification of wild-type B4GALT2. Nonetheless, given that B4GALT2 contains three potential *N*-linked glycosylation sites (NXS/T) at amino acids 66, 71, and 357[@b24], we treated V957 cells ectopically expressing wild-type or A146V mutant proteins with either a pan *N*- and *O*-glycosidase or a specific *N*-linked glycosidase (PNGase F) to assess for *N*-linked glycosylation of wild-type versus mutant protein. While Western blot analysis showed both wild-type and mutant proteins as being predominately *N*-glycosylated (i.e. similar shifts with the pan-glycosidase and PNGase F), the wild-type protein still showed a higher size-shift than the mutant suggesting additional, as yet undetermined, post-translational modification of wild-type B4GALT2 ([Fig. 3d](#f3){ref-type="fig"}, lanes 5, 6 vs. 8, 9 from left). These findings, besides revealing bi-allelic defects in B4GALT2, also suggest that mutational changes in B4GALT2 may potentially disrupt post-translational modification of the encoded protein, resulting in impaired enzymatic activity.

ST6GALNAC2 (α-N-Acetylgalactosaminidyl α-2,6-Sialyltransferase 2) catalyzes the addition of sialic acid residues to the 6 position of the peptide linked GalNAc in the Core 1 and Core 2 *O*-glycan structures: β-Gal(1--3) α-GalNAc-*O*-Thr/Ser and β-GlcNAc (1--3)α-GalNAc-*O*-Thr/Ser respectively (see [Supplementary Fig. S2](#S1){ref-type="supplementary-material"})[@b25][@b26]. We identified two missense mutations in the *ST6GALNAC2* gene, D43H located in the stalk between the transmembrane and transferase domain, and R115W located within the transferase domain ([Fig. 4a](#f4){ref-type="fig"}, [Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). We assessed the impact of these mutations on encoded ST6GALNAC2 enzyme activity using antifreeze glycoprotein from Antarctic fish (AFGP) and asialofetuin (ASF) substrates[@b26]. AFGP consists of the (β-Gal(1--3)α-GalNAc-*O*-Thr-Ala-Ala)~n~ repeat, while ASF contains multiple O-glycan structures including β-Gal(1--3)α-GalNAc-*O*-Thr/Ser)[@b26][@b27], both of which display incorporation of radiolabeled NeuNAc when wild-type ST6GALNAC2 is expressed ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). As shown in [Fig. 4b](#f4){ref-type="fig"}, no significant differences in enzyme activities between wild-type and mutant ST6GALNAC2 was observed against these substrates, although we consistently observed an increased enzyme activity of the D43H mutant over the wild-type transferase against the AFGP substrate in our assays, which we did not observe with the ASF substrate. The significance of this apparent gain of activity in the mutant against the homogeneous AFGP is yet to be determined.

Phenotypic characterization of wild-type and mutant glycosyltransferases
------------------------------------------------------------------------

We next proceeded to examine the phenotypic consequences of the mutant glycosyltransferases identified in our CRC dataset ([Table 2](#t2){ref-type="table"}). Since aberrations in cell surface glycans have been shown to primarily affect the migratory and metastatic potential of cancer cells[@b28][@b29][@b30][@b31], we compared the effects of wild-type versus mutant genes on cancer cell migration using the widely employed SW480 CRC cell line model. Of note, SW480 parental CRC cells show retention of endogenous B3GNT2 and B4GALT2 RNA expression with marked loss of expression of ST6GALNAC2 when compared to normal colon epithelia ([Supplementary Fig. S5](#S1){ref-type="supplementary-material"}). SW480 cells were transiently transfected with respective wild-type or mutant versions of B3GNT2, ST6GALNAC2 and B4GALT2, or with an empty vector control, and cell migration was assessed in a scratch wound assay over a course of 48 hours using the highly quantitative IncuCyte live cell kinetic imaging system. While wild-type B3GNT2 showed no effect on cell migration, the mutant versions of B3GNT2 however significantly enhanced the migratory potential of SW480 cells ([Fig. 5](#f5){ref-type="fig"}, P \< 0.05), suggesting a potential gain of oncogenic function of the respective B3GNT2 mutant proteins. In contrast, wild-type ST6GALNAC2 markedly suppressed CRC cell migration ([Fig. 5](#f5){ref-type="fig"}, P \< 0.05), consistent with its proposed function as a tumor suppressor in breast cancer[@b32], while the two ST6GALNAC2 mutants failed to inhibit cancer cell migration ([Fig. 5](#f5){ref-type="fig"}) indicating potential loss of phenotypic function of the ST6GALNAC2 mutant proteins. No change in cell migration was observed in CRC cells carrying either wild-type or mutant B4GALT2 ([Fig. 5](#f5){ref-type="fig"}). Taken together, these findings suggest that the endogenous protein targets of B3GNT2 and ST6GALNAC2 may likely be involved in regulating cell migration.

Discussion
==========

Aberrant protein glycosylation is a frequent pathological alteration associated with the onset and progression of colon cancers. Yet, the molecular mechanisms underlying aberrant glycosylation and their potential role in tumor progression remain poorly understood. Here, we performed targeted re-sequencing of 430 glycosylation-associated genes in 31 patient-derived CRC cell lines and matched primary colon tumors to characterize the type and extent of glycosylation pathway defects in colon cancer. Of the 430 genes tested, 12 genes were significantly mutated in CRCs ([Table 1](#t1){ref-type="table"}). In particular, we noticed an enrichment of mutations in the polylactosamine and *N-* and *O*-glycosylation pathway genes, including *B3GNT2*, *ST6GALNAC2*, and *B4GALT2* in CRCs ([Table 1](#t1){ref-type="table"}, [Fig. 1](#f1){ref-type="fig"}). Together, mutations in these genes were detected in 5 of the 31 CRC cases tested, with 3 mutations in *B3GNT2* (R6X, P186T, D247H), 2 mutations in *ST6GALNAC2* (D43H, R115W), and 1 mutation in *B4GALT*2 (A146V) accompanied by a loss of the wild-type allele ([Table 2](#t2){ref-type="table"}, [Fig. 3b](#f3){ref-type="fig"}). Additional evaluation of independent large-scale cancer datasets[@b17][@b18] revealed recurrent somatic mutations in *B3GNT2*, *B4GALT2* and *ST6GALNAC2*, accounting for \~3% of CRC cases ([Supplementary Table S6](#S1){ref-type="supplementary-material"}).

Functionally, B3GNT2 and to a lesser extent B4GALT2 are involved in the synthesis of polyLacNAc chains on *N*-linked tetraantennary structures and on Core 1, 2 and 3 *O*-glycan core structures ([Fig. 1](#f1){ref-type="fig"})[@b15][@b16][@b20][@b21]. ST6GALNAC2 on the other hand adds a NeuNAc to the 6 position of the peptide GalNAc of *O*-glycan Core 1 or 3 structures thus terminating chain elongation[@b26][@b33]. Although polyLacNAc biosynthesis and *O*-glycan core termination are independent processes they nevertheless may be linked, as the Core 1, 2 and 3 *O*-glycans may be further elongated with polyLacNAc chains ([Fig. 1](#f1){ref-type="fig"})[@b15][@b16].

The *O*-glycosylation pathway is fundamental to several critical processes in the cell and aberrations in the *O*-glycosylation pathway are known to be associated with both early as well as later stages of cancer progression[@b3][@b9][@b34]. In particular, Core 3 *O*-glycans have been implicated in the maintenance of intestinal homeostasis[@b28][@b29][@b35]. In fact, Core 3 *O*-glycans are primarily expressed in gastrointestinal mucosa, and are the major core structures of mucin-type glycoproteins in colonic tissue[@b36][@b37][@b38][@b39]. Existing evidence also suggests that aberrations in Core 3 *O*-glycans likely play a key role in CRC development. For example, deregulated expression of Core 3 structures is frequently observed in colon cancers[@b40][@b41]. In particular, reduced expression of Core 3 synthase, an enzyme involved in the initial step of Core 3 biosynthesis, has been observed frequently in colon, gastric, and pancreatic ductal adenocarcinomas, with loss of Core 3 synthase expression highly correlating with the grade of colon neoplasia in familial adenomatous polyposis patients[@b28][@b29]. Furthermore, loss of activity of Core 3 synthase has been shown to enhance the metastatic potential of colon carcinoma cells[@b28], and mice deficient in Core 3 synthase display reduced production of colonic MUC2 protein and show increased susceptibility to colitis and colon adenocarcinoma[@b42][@b43]. These findings, together with our observation of a significant enrichment of CRC-associated mutations in genes likely involved in Core 3 termination or Core 3 polyLacNAc elongation ([Table 1](#t1){ref-type="table"}, [Fig. 1](#f1){ref-type="fig"}), strongly suggest that aberrations in these glycosyltransferases play an important role in CRC progression. We therefore proceeded to systematically characterize the functional consequences of each of the CRC-associated mutant glycosyltransferases identified in this study ([Table 2](#t2){ref-type="table"}).

As mentioned above, we detected 3 somatic mutations in *B3GNT2* (R6X, P186T, D247H). The R6X mutation, despite being a nonsense variant, encoded an N-terminal truncated protein ([Fig. 2](#f2){ref-type="fig"}, [Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). Importantly, as opposed to the Golgi-specific localization of wild-type B3GNT2, the R6X mutant exhibited aberrant and diffuse sub-cellular localization ([Fig. 2](#f2){ref-type="fig"}), suggesting that the mis-localized R6X mutant may be unable to access its endogenous substrates in the Golgi besides also potentially altering the glycosylation patterns of unintended substrates within the cell. Next, biochemical analyses of the missense mutants (P186T, D247H) using two *in vitro* derived B3GNT2 substrates (LacNAc-PNP and Lactose-PNP) showed a loss of enzymatic activity of the D247H mutant against these selected substrates ([Fig. 2](#f2){ref-type="fig"}). Intriguingly, phenotypic analyses showed all three B3GNT2 mutants as significantly enhancing the migratory potential of colon adenocarcinoma cells ([Fig. 5](#f5){ref-type="fig"}), indicating a gain of oncogenic function likely resulting from dominant negative activities of the mutant enzymes against wild-type B3GNT2 and/or other glycosyltransferases. Moreover, since B3GNT2 is involved in the synthesis of polyLacNAc chains, genetic defects in B3GNT2 could lead to aberrations in cell surface polylactosamines, critical signaling molecules that are often implicated in tumor cell migration and possibly metastasis[@b41][@b42][@b43][@b44][@b45][@b46]. Further studies to identify the actual endogenous substrates of B3GNT2 would help delineate the role of this transferase in the pathogenesis of CRCs.

The missense mutation (A146V) in B4GALT2 was accompanied by a genomic loss of the wild-type allele in the corresponding CRC sample ([Fig. 3](#f3){ref-type="fig"}). Biochemical analyses using an *in vitro* derived, B4GALT2 substrate, GlcNAc-PNP, showed loss of enzymatic activity of the A146V mutant ([Fig. 3](#f3){ref-type="fig"}). In addition, de-glycosylation studies revealed A146V mutation as markedly affecting post-translational modification of the B4GALT2 protein ([Fig. 3](#f3){ref-type="fig"}), which in turn could have a negative impact on its enzymatic activity. Phenotypic analysis however showed neither wild-type nor mutant B4GALT2 as affecting the migratory potential of CRC cells ([Fig. 5](#f5){ref-type="fig"}), suggesting that the endogenous targets of B4GALT2 may not likely be involved in regulating cell motility or that they require tissue microenvironment for functioning.

The two missense mutations detected in *ST6GALNAC2* (D43H and R115W) showed no apparent loss of enzymatic activities when tested against the AFGP and ASF substrates, although the D43H mutant consistently showed an increase in enzyme activity over the wild-type transferase against the AFGP substrate in our assays ([Fig. 4](#f4){ref-type="fig"}). This finding of enhanced D43H enzyme activity appears to be in keeping with prior studies where sialylation is increased while Core 3 structures decreased in CRC[@b47]. Interestingly, phenotypic analyses demonstrated wild-type ST6GALNAC2, but not the mutants, as markedly impeding the migratory potential of colon carcinoma cells ([Fig. 5](#f5){ref-type="fig"}). It is likely that the wild-type and mutant ST6GALNAC2 proteins may exhibit differential specificities/affinities towards actual endogenous protein targets involved in regulating cell migration *in vivo*. Nonetheless, our phenotypic findings are consistent with the reported metastasis suppressor role of ST6GALNAC2 in breast cancer[@b32] and further indicate a loss of phenotypic function of ST6GALNAC2 mutants identified in CRCs.

In summary, we have comprehensively characterized the mutational landscapes of glycosylation-associated genes in colon cancer, identifying three glycosyltransferases as significant mutational targets in CRCs. Functional studies demonstrate these mutant glycosyltransferases as having a significant impact on the encoded enzymatic activity and/or the migratory potential of colon carcinoma cells. Although our study may not fully capture the functional complexities and kinetics of *N*- or *O*-linked glycosylation, the finding of functionally deleterious CRC mutations in genes that are likely fundamental to maintaining intestinal homeostasis, suggests that genetic defects in polylactosamine and Cores 1 and 3 *O*-glycosylation pathway potentially contribute to CRC pathogenesis. Of note, given our prior studies identifying mutations in *GALNT12* gene as being associated with susceptibility to familial colon neoplasia[@b9][@b48], future studies can be designed to explore whether genetic defects in Core 1/3 glycosylation pathway also play a role in susceptibility to unexplained inherited forms of colon cancer. Further characterization of the actual endogenous substrates of these glycosyltransferases and evaluation of phenotypic consequences of these mutant glycosyltransferases in pre-clinical animal models should provide additional insights into the biologic role of these genes in colon cancer progression.

Materials and Methods
=====================

Detailed methods are provided in [Supplementary Methods section](#S1){ref-type="supplementary-material"}.

Patient samples and nucleic acid extraction
-------------------------------------------

Patient-derived VACO series of colon cancer cell lines were propagated as previously describedz. Colon tumor and normal tissue specimens matched to respective VACO cell lines were obtained from a formalin-fixed paraffin embedded (FFPE) archive that were collected under an Institutional Review Board (IRB) approved protocol at the Case Medical Center. All participants provided written informed consent prior to participating in the study and all methods were carried out in accordance with the approved guidelines. Genomic DNA from the cell lines and FFPE tissues was extracted as previously described[@b49][@b50]. Demographics of DNA samples used for the study are provided in [Supplementary Table S1](#S1){ref-type="supplementary-material"}.

Targeted re-sequencing of glycome pathway genes
-----------------------------------------------

A custom Agilent SureSelect XT array (Agilent Technologies, Inc. Santa Clara, CA) was designed to capture and sequence the coding and splice site regions of 430 candidate glycosylation pathway genes ([Supplementary Table S2](#S1){ref-type="supplementary-material"}) in a series of 31 patient-derived VACO CRC cell lines ([Supplementary Table S1](#S1){ref-type="supplementary-material"}).

Somatic mutation detection
--------------------------

Burrows-Wheeler Aligner[@b51] was used to align the raw FASTQ files to the human reference genome (build hg19). Sample coverage metrics are provided in [Supplementary Table S3](#S1){ref-type="supplementary-material"}. Nucleotide variations were detected using SOAPsnp[@b52], Genome Analysis Toolkit[@b53] and mPILEUP[@b54]. Somatic mutations were identified using a series of variant-filtering steps, and were confirmed by Sanger sequencing in both cell lines and matched primary colon tumor tissues. All together, 41 somatic protein-altering mutations in 36 genes were identified amongst the 31 CRC cases tested ([Supplementary Table S4](#S1){ref-type="supplementary-material"}).

Significantly mutated genes and selection of gene candidates for functional studies
-----------------------------------------------------------------------------------

Significantly mutated genes were identified using the statistical framework previously described by our group[@b12]. Twelve candidate genes showed a significantly higher mutation rate than the background ([Supplementary Table S5](#S1){ref-type="supplementary-material"}). Three of these were identified as genes involved in the polylactosamine chain extension on *N*- and Core 1--3 *O*-linked glycans or in chain termination of Core 1/3 *O*-glycans, and were selected for further functional characterization ([Supplementary Table S5](#S1){ref-type="supplementary-material"}).

Sanger sequencing
-----------------

Custom PCR primers flanking respective mutant loci in candidate glycosyltransferase genes were designed for Sanger sequencing ([Supplementary Table S7](#S1){ref-type="supplementary-material"}).

Pyrosequencing to test for *KRAS/BRAF* hotspot mutations
--------------------------------------------------------

Pyrosequencing assays were designed using the PSQ Assay Design software (QIAGEN, Chatsworth, CA) to test for hotspot mutations in KRAS (codons 12, 13, 61, and 146) and BRAF (codon 600). For each assay, one of the PCR primers was biotinylated at the 5′ end and purified using high performance liquid chromatography. All PCR reactions were performed using FastStart Taq (Roche). Following PCR, amplification products were sequenced on a PyroMark MD pyrosequencing instrument (QIAGEN) and mutation analysis was conducted as previously described[@b50]. Sanger sequencing was used to confirm all mutations detected by pyrosequencing analysis.

Mutual Exclusivity Evaluation
-----------------------------

To test if mutations affecting the glycosylation genes occur in a mutually exclusive fashion with respect to other known oncogenic driver mutations in CRCs (KRAS and BRAF), we applied CoMEt[@b55], which employs an exact statistical test for mutual exclusivity that has been shown to be more sensitive in detecting mutually exclusive events within combinations containing rare alterations.

Generation of expression constructs and recombinant protein purification
------------------------------------------------------------------------

Full length cDNA fragments, encoding wild-type (WT) or mutant B3GNT2, ST6GALNAC2 and B4GALT2 transcripts were PCR amplified from total RNA derived from a reference normal colon sample or from corresponding mutant CRC cell lines, respectively, and cloned into *pcDNA3.1* or *pIHV* vectors. Transfection was performed in COS7 cells using Lipofectamine 2000 (Life technologies, Carlsbad, CA); recombinant proteins were isolated using immunoprecipitation with anti-V5 antibody.

Western blot analysis
---------------------

1/10^th^ of the immunoprecipitated recombinant protein was subjected to SDS/PAGE analysis and immunoblotted with mouse anti-V5 antibody.

Enzyme assays
-------------

The donor and acceptor substrates used for assaying wild-type B3GNT2, B4GALT2, and ST6GALNAC2 enzyme activities are given in [Supplementary Fig. S2A](#S1){ref-type="supplementary-material"}. Briefly, reaction mix containing 100--150 μl of immunoprecipitated proteins were subjected to either reverse-phase chromatography (B3GNT2, B4GALT2) or dialysis (ST6GALNAC2) to measure the incorporation of radio-labelled sugars (UDP-\[^3^H\]-GlcNAc, UDP-\[^3^H\]-Gal, CMP-\[^3^H\]-NeuNAc) by respective wild-type and mutant enzymes over a period of 24 hrs.

Mass spectrophotometry
----------------------

COS7 cells transfected with empty vector, wild-type or mutant expression constructs of B3GNT2 or B4GALT2 were immunoprecipitated with anti-V5 antibody and subjected to SDS-PAGE. Relevant Coomassie G250 stained protein bands were excised for subsequent Mass spectrometry analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS).

*In vitro* glycosidase assay
----------------------------

V957 CRC cells were transfected with *pcDNA3.1*/V5-His/empty vector, or B4GALT2 wild-type or B4GALT2 A146V mutant constructs. Immunoprecipitated wild-type and mutant B4GALT2 protein were treated with either Peptide N-glycosidase F or a pan glycosidase protein deglycosylation mix or left untreated at 37 °C for 4 hours followed by Western blot analysis using anti-V5 antibody.

Confocal Imaging
----------------

COS7 cells transfected with V5-tagged *pcDNA3.1* empty vector or B3GNT2 wild-type or B3GNT2 R6X mutant were immunostained with anti-V5 antibody, anti-Giantin antibody and DRAQ5 (nuclear counterstain). Immunostained cells were visualized using the Zeiss LSM 510 confocal microscope.

Scratch wound cell migration assay
----------------------------------

Scratch wound assay was performed in SW480 cells, transfected with either *pcDNA3.1/pIHV* empty vector, respective wild-type or mutant constructs of B3GNT2, B4GALT2, and ST6GALNAC2, using the automated IncuCyte ZOOM live cell kinetic imaging system (Essen BioScience, Ann Arbor, MI) as per the manufacturer's instructions over a period of 48hrs.

Statistical analyses
--------------------

Significant differences in enzyme activities and cell migration between wild-type and mutant proteins were estimated using a Student's t-test; a P value \< 0.05 was considered statistically significant.
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![Protein glycosylation pathways involving B3GNT2, B4GALT2 and ST6GALNAC2.\
Synthesis of polylactosamine structures (polyLacNAc) on tetraantennary N-linked glycans and on the Core 1, 2 and 3 O-glycans, catalyzed by B3GNT2 and B4GALT2 enzymes. The addition of sialic acid (NeuNAc) to the Core 1 and 3 O-glycan chains by ST6GALNAC2 results in chain termination[@b15][@b26][@b33].](srep23642-f1){#f1}

![Biochemical characterization of wild-type and mutant versions of B3GNT2.\
(**a**) Somatic mutations mapped to B3GNT2 protein coding regions (black line). Colored boxes indicate annotated protein structural domains. (TM) transmembrane motif. (**b**) (top) Western blot analysis showing V5-tagged wild-type and R6X mutant protein expression in COS7 cells transfected with respective cDNA constructs. Note the relatively smaller size of mutant R6X protein as compared to wild-type B3GNT2. (**b**) (bottom) Immunofluorescence analysis of V5-tagged wild-type and R6X mutant protein in COS7 cells transfected with respective cDNA constructs. Note the co-localization of wild-type B3GNT2 (green) with the Golgi marker Giantin (red), and the aberrant sub-cellular localization of R6X mutant (green). (**c**) (top) Western blot analysis showing protein expression of V5-tagged wild-type and missense mutant versions of B3GNT2 in COS7 cells transfected with respective cDNA constructs. (**c**) (bottom) Mean enzyme activity of wild-type, P186T, and D247H mutants assessed using Lactose-PNP and LacNAc-PNP substrates as a function of reaction time normalized to vector control. Error bars represent standard error of the means derived from three independent replicate experiments. Note the marked loss of D247H mutant enzyme activity against both the substrates, when compared to wild-type B3GNT2 (P ≤ 0.05).](srep23642-f2){#f2}

![Biochemical characterization of wild-type and mutant B4GALT2.\
(**a**) A146V somatic mutation mapped to B4GALT2 protein coding regions (black line). Colored boxes indicate annotated protein structural domains. (TM) transmembrane motif. (**b**) Sequencing chromatograms depicting A146V somatic mutation in the matched primary tumor and cell line DNA, and cell line RNA. Note the loss of wild-type B4GALT2 allele in both the DNA and RNA from the cell line. (**c**) (top) Western blot analysis showing V5-tagged wild-type and mutant B4GALT2 protein expression in COS7 cells transfected with respective cDNA constructs. (**c**) (bottom) Mean enzyme activity of wild-type and mutant B4GALT2 proteins assessed using GlcNAc-PNP substrate as a function of incubation time, normalized to vector control. Error bars represent standard error of the means derived from three independent replicate experiments. Note the significant loss of A146V mutant enzyme activity when compared to wild-type protein (P ≤ 0.05). (**d**) Protein lysates from V957 cells transiently transfected with V5-tagged empty vector, wild-type or A146V B4GALT2 were immunoprecipitated with anti-V5 agarose and treated with either a pan-glycosidase, *N*-linked glycosidase PNGase F or left untreated. Western blot analysis was performed using anti-V5 antibody (see Methods). Note the significant difference in protein sizes between wild-type versus mutant B4GALT2 in untreated cells (lane 4 vs. 7 from left). Although both wild-type and mutant B4GALT2 proteins appear to be N-glycosylated (lanes 5, 6 vs. 8, 9 from left), a substantial fraction of glycosidase-treated wild-type protein still showed a higher size-shift than the mutant, suggesting wild-type B4GALT2 as selectively undergoing additional post-translational modifications.](srep23642-f3){#f3}

![Biochemical characterization of wild-type and mutant versions of ST6GALNAC2.\
(**a**) Somatic mutations mapped to ST6GALNAC2 protein coding regions (black line). Colored boxes indicate annotated protein structural domains. (TM) transmembrane motif. (**b**) (top) Western blot analysis showing protein expression of V5-tagged wild-type and missense mutant versions of ST6GALNAC2 in COS7 cells transfected with respective cDNA constructs. (**b**) (bottom) Mean enzyme activity of wild-type and mutant ST6GALNAC2 protein assessed using antifreeze glycoprotein (AFGP) and asialofetuin (ASF) substrates at the indicated time points normalized to vector control. Error bars represent standard error of the means derived from three independent replicate experiments.](srep23642-f4){#f4}

![Effects of wild-type versus mutant enzymes on colon cancer cell migration.\
Migratory kinetics of SW480 CRC cells transiently expressing respective wild-type or mutant B3GNT2, ST6GALNAC2, B4GALT2 proteins were quantified using the IncuCyte scratch wound migration assay over a 48 hour time-course. Each of the mutant B3GNT2 expressing cells showed a significant increase in migratory potential when compared to the vector control (R6X, P = 0.001; P186T, P = 0.006, D247H, P = 0.047), whereas wild-type but not mutant ST6GALNAC2 significantly reduced cell migration as compared to vector control (P \< 0.05) at the 48hr time-point. Error bars represent standard error of the means derived from five replicates per experimental group.](srep23642-f5){#f5}

###### Functional annotation of glycosylation pathway genes found significantly mutated in colon cancer.

  Gene Symbol    Glycosylation Pathway sub-network
  -------------- ----------------------------------------------------------------
  *B3GALNT1*     Globoside synthesis
  *B3GALT1*      Glycosphingolipid synthesis, N-glycan trimming and branching
  *B3GNT2*       *N-/Core 1,2,3, O-linked glycan biosynthesis, polylactosamine*
  *B4GALT2*      *N-/Core 1,2,3, O-linked glycan biosynthesis, polylactosamine*
  *CHST12*       Sulfation of Chondroitin and Dermatan
  *CMAS*         Nucleotide sugar biosynthesis
  *GAL3ST1*      Glycosphingolipid synthesis, Isogloboside synthesis
  *GAL3ST3*      Isogloboside synthesis
  *GLB1*         Hydrolysis of Beta-galactose
  *HS3ST5*       Sulfation of Heparan
  *LYZ*          Lysozyme activity
  *ST6GALNAC2*   *Core 1,3, O-linked glycan biosynthesis*

###### Colon cancer associated somatic mutations in *B3GNT2, ST6GALNAC2* and *B4GALT2* genes.

  Gene Symbol     CRC Sample I.D   Variant class   Protein change   UniProt Domain   SIFT/Polyphen Prediction   Loss of wild-type allele in cancer DNA/RNA
  -------------- ---------------- --------------- ---------------- ---------------- -------------------------- --------------------------------------------
  *B3GNT2*             V964          Nonsense           R6X          Topological               N/A                                  No
  *B3GNT2*             V915          Missense          P186T         Transferase           Deleterious                              No
  *B3GNT2*             V920          Missense          D247H         Transferase           Deleterious                              No
  *ST6GALNAC2*         V915          Missense           D43H            Stalk              Deleterious                              No
  *ST6GALNAC2*         V451          Missense          R115W         Transferase             Neutral                                No
  *B4GALT2*            V957          Missense          A146V         Transferase           Deleterious                             Yes
